It is still under debate whether occupational exposure to radio frequency/microwave electromagnetic fields (RF/ MW-EMF) contributes to the development of brain tumors. This analysis examined the role of occupational RF/ MW-EMF exposure in the risk of glioma and meningioma. A population-based, case-control study including 381 meningioma cases, 366 glioma cases, and 1,494 controls aged 30-69 years was performed in three German regions in [2000][2001][2002][2003]. An exposure matrix for occupational activity was constructed by using information on RF/ MW-EMF exposure collected in a computer-assisted personal interview. ''High'' exposure was defined as an occupational exposure that may exceed the RF/MW-EMF exposure limits for the general public recommended by the International Commission on Non-Ionizing Radiation Protection. Multiple conditional logistic regressions were performed separately for glioma and meningioma. No significant association between occupational exposure to RF/MW-EMF and brain tumors was found. For glioma, the adjusted odds ratio for highly exposed persons compared with persons not highly exposed was 1.21 (95% confidence interval: 0.69, 2.13); for meningioma, it was 1.34 (95% confidence interval: 0.64, 2.81). However, the slight increase in risk observed with increasing duration of exposure merits further research with larger sample sizes. brain neoplasms; case-control studies; electromagnetic fields; occupations; radiation Abbreviations: CI, confidence interval; RF/MW-EMF, radio frequency/microwave electromagnetic fields.
associated with radio frequency radiation has raised concerns about the validity of the results (9) . In two case-control studies, a significant association between occupational exposure to RF/MW radiation and the risk of brain cancer was found (10, 11) . One of these studies (10) even found a significant dose-response relation between duration of exposure and brain cancer risk. The other case-control study was nested in a cohort study of male members of the US Air Force. An increased risk for persons ever exposed to occupational RF/MW-EMF was reported, with an odds ratio of 1.39 (95 percent CI: 1.01, 1.90). However, there was no trend with either intensity of exposure or duration of exposure (11) .
None of these studies analyzed the association between occupational RF/MW-EMF and nonmalignant brain tumors. Experimental, up-to-date research provides no convincing evidence that low-level RF/MW-EMF exposure is involved in carcinogenesis. However, most of the discussion on the effect of RF/MW-EMF exposure refers to the hypothesis of a possible promoting effect of the exposure but not on the genetic mutation itself (12) .
The aim of this analysis of the German part of the international Interphone Study was to investigate the association between RF/MW-EMF exposure and the risk of brain tumors in glioma and meningioma patients and in population controls. This paper focuses especially on occupational exposure Thomas et al., 1987 (10) to RF/MW-EMF, which was assessed by using information from a comprehensive personal interview including questions about job titles and specific occupational activities.
MATERIALS AND METHODS

Study population
A population-based, case-control study (the German part of the international Interphone Study) was performed in line with the core protocol of the international Interphone Study (13) . Incident meningioma and glioma cases aged 30-59 years (later extended to age 69 years) at the date of diagnoses were selected from four neurosurgical clinics located in Bielefeld, Heidelberg/Mannheim, and Mainz (covering some 6.6 million inhabitants). These four large clinics cover the metropolitan and rural areas surrounding these cities. Cases were eligible if their tumor was diagnosed between October 1, 2000, and October 31, 2003. On October 1, 2001, after receiving additional funding for the German part of the Interphone Study, the study was extended to include cases and controls aged 60-69 years at the date of diagnosis. Cases were all patients with histologically confirmed diagnoses of primary glioma or meningioma (benign or malignant) to ensure that no other brain tumors-for example, metastases, embryonic tumors, or tumors of the hemopoietic system-were included in the study. Therefore, 22 cases without histologic confirmation of their diagnosis were excluded. The following types of brain tumors (International Classification of Diseases for Oncology, Third Edition) were included for glioma: topography codes C71.0-C71.9 and morphology codes 9380-9383, 9390-9393, 9400-9401, 9410-9411, 9420-9421, 9424, 9440-9442, and 9450-9451. For meningioma, International Classification of Diseases for Oncology, Third Edition, topography code C70.0 and morphology codes 9530-9539 were included.
In total, 891 eligible patients were identified for the study. All were contacted by an interviewer after approval by the physician responsible for their treatment. The overall response rate for cases was 83.8 percent (n ¼ 747) and was slightly lower for glioma patients (79.6 percent) than for meningioma cases (88.4 percent). For the analysis, data for 366 glioma patients and 381 meningioma patients were available. For glioma patients, the causes for not participating were death (n ¼ 42), being too ill to answer the questions (n ¼ 24), refusal (n ¼ 22), or loss of contact after discharge from the hospital (n ¼ 6). For some patients who were not able to answer, proxy interviews with relatives were performed (n ¼ 40). The reasons for nonparticipation of meningioma patients were refusal (n ¼ 21), being too ill to answer the questions (n ¼ 16), loss of contact after discharge from the hospital (n ¼ 9), and death (n ¼ 4). Proxy interviews were performed for five meningioma cases.
A total of 2,449 eligible controls frequency matched to the cases by sex, age, and center were drawn from the compulsory population registries in the three regions. Participating in the study were 62.7 percent of them (n ¼ 1,535). Contact by letter and telephone was made several times to improve the response rate. The reasons for nonparticipation in the study were refusal (n ¼ 747), loss of contact (n ¼ 118), being too ill (n ¼ 48), and death (n ¼ 1). At the end of the data collection phase, a post hoc 1:2-person matching was performed by assigning two controls to each case matched by sex, birth year (AE2 years), and region (Bielefeld, Heidelberg/Mannheim, Mainz; few exceptions) to adjust for the time lag in interviewing cases and controls. By using this method, the exposure period for the controls was censored at the date of diagnosis of the matched case. Two corresponding controls were matched to each case. For the analyses, data for 732 individually matched controls for the 366 glioma cases and 762 controls for the 381 meningioma cases were available. More details on the materials and methods are published elsewhere (14) .
Data collection
Computer-assisted personal interviews were conducted by trained interviewers and included questions on demographic characteristics; use of cellular telephones, transmitters, and ham radios; smoking and medical histories; diagnostic treatment; and occupational activities related to EMF and ionizing radiation. Most cases were interviewed during their stay in the hospital or, if this option was not possible, at home, after their surgery. The controls were mostly interviewed at home. Each interviewer questioned cases as well as controls. The duration of the interview was compared between cases and controls. Mean duration was 52.0 minutes for controls (standard deviation, 18.9) and 55.1 minutes for cases (standard deviation, 19.7). At the beginning of the study, the computer-assisted personal interview was not available. Therefore, a printed version was used for the first 7 months for interviews with 122 cases and 202 controls. However, unlike the computer-assisted personal interviews, the printed version did not include all details of occupational history. For these first 7 months, only socalled screening questions on occupational history were asked. Persons who reported any of the activities listed in these screening questions were approached later for a more detailed telephone interview when the computer program was available. Sensitivity analyses were performed to test for differences in the results by data collection method.
Occupational exposure assessment
A detailed questionnaire on occupational activities related to RF/MW-EMF and the whole range of EMF, including static fields and very low frequency EMF, as well as ionizing radiation, was constructed by the International Exposure Assessment Committee of the Interphone Study. In this analysis, only RF/MW-EMF details were assessed. Information on the following occupational activities was derived from this questionnaire; screening questions about possible activities with RF/MW-EMF exposure asked about 1) using industrial heating equipment to process food; to bond, seal, and weld materials; or to melt, dry, and cure materials; 2) manufacturing semiconductor chips or microelectronic devices; 3) using radar; 4) maintaining electromagnetic devices used to treat or diagnose diseases; 5) working with or nearby broadcasting and telecommunications antennae and masts; 6) using different kinds of transmitters; and 7) using a ham radio. The following screening questions were not considered because the activities mentioned were not related to RF/MW-EMF exposure: 1) working next to electrical motors; 2) being employed by an electric company; 3) working directly on or around any electric transport; 4) constructing, maintaining, or repairing electrical machinery or equipment; 5) using industrial machinery powered by electric motors; 6) using other electrical equipment not mentioned before; 7) working with ionizing radiation; and 8) being employed as an airline pilot or crew member.
Occupations associated with the following frequency ranges were considered: radio transmission (30-300 MHz); cellular and personal communication, including ham radio use (800 MHz-2GHz); and industrial applications such as microwave heating and medical applications, and rarely for ham radio use (up to 2.45 GHz) (15) . Because of the small numbers of observations, we included all frequency ranges in one exposure category. However, most of the considered exposures were related to personal communication devices (800 MHz-2 GHz).
The following procedure was used to estimate exposure to RF/MW-EMF. First, all persons who marked one of the activities listed in the above-mentioned screening questions were selected.
Second, all activities mentioned by at least one person were classified with regard to possible exposure to RF/ MW-EMF. The computer-assisted personal interviews included some detailed questions to determine whether the occupation led to a measurable exposure to RF/MW-EMF. All activities were classified into four categories based on the scientific literature (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) as well as on a review by two German industrial hygienists. Some occupational activities mentioned in these screening questions were categorized as ''no RF/MW-EMF'' exposure. Examples included a physician working with an electrocardiogram, a cook working in a kitchen, all types of metal welding, and binding and gluing plastic and nylon without microwave heating.
The remaining activities were classified according to the degree or the likelihood of exposure. If the exposure existed and was probably present continuously during the mentioned working hours, the activity was categorized as ''probable'' exposure. If the exposure surely existed continuously during the mentioned working hours and sometimes exceeded 0.08 W/kg (which corresponds to the exposure limits of RF/MW-EMF for the general population (27) ), this activity was categorized as ''high'' exposure. The International Commission on Non-Ionizing Radiation Protection guidelines allow these exposure limits for the general public to be exceeded by a factor of five for occupational exposures (27) . A certain exposure that did not exceed the general exposure limits was considered a probable exposure because it occurred only rarely. Finally, activities were grouped as ''not probable'' when the activity mentioned was related to RF/MW-EMF but it was presumed that the person was not exposed to RF/MW-EMF. For example, the use of a transmitter inside a car was regarded as an exposure to RF/MW-EMF only when it was mentioned that the transmitter antenna was located inside the car.
Third, the different activities were grouped together for each person, and duration of exposure in each summarized category was calculated. For example, a person who worked from 1980 to 1989 in an RF/MW-EMF exposed job categorized as probable exposure and from 1990 to 1995 in an RF/ MW-EMF exposed job categorized as high exposure was considered RF/MW-EMF exposed for 15 years, including 5 years with high RF/MW-EMF exposure. Only those activities up to 2 years prior to the date of diagnosis of the tumor or the reference date for controls, respectively, were taken into account.
A description of probable and high exposure activities is presented in table 2, and a flow chart of the exposure categorization used is shown in figure 1 . The activities were categorized without knowledge of the disease status of the participant. The activity exposure matrix includes 277 activities; among those, 130 are classified as high exposure, 147 as probable exposure, and 212 as not probable exposure.
Statistical analysis
Conditional logistic regression was performed to account for frequency matching by using SAS software (version 9.1; SAS Institute, Inc., Cary, North Carolina). All regression models were stratified for the three regions and for sex. Adjusting variables were socioeconomic status, urban (!100,000 inhabitants) vs. rural (<100,000 inhabitants) area, corresponding age at diagnosis, smoking history, and ionizing radiation exposure. Socioeconomic status was based on educational and occupational training in Germany, yielding three levels. Smoking history was considered current smoker, former smoker, or nonsmoker. Ionizing radiation was categorized into four groups: (0) no exposure; (1) at least five lifelong radiographic examinations but no computed tomography (excluding radiographic examinations of a single tooth); (2) more than five radiographic examinations or at least one computed tomography, angiography, and/or szintigraphy; and (3) occupational exposure to ionizing radiation for at least 5 years, or any radiation therapy. Only those examinations considering the head and neck were included. The use of cellular telephones was not deemed a confounder. Sensitivity analyses were performed to consider the use of cellular telephones as a confounder. However, the results were very similar to those presented here and are therefore not shown. Occupational exposure was analyzed with three different models:
1. Model 1: any RF/MW-EMF exposure (no/yes). 2. Model 2: four categories-no exposure, not probable, probable, and high. 3. Model 3: three categories considering duration of exposure-no high exposure (including no exposure, not probable, and probable), less than 10 years of high exposure, and 10 or more years of high exposure. The category of high exposure was introduced to increase sensitivity by taking into account duration of exposure. All other potential exposure categories were considered not exposed because they do not exceed the exposure limits for the general population. By doing so, a potential threshold above the limits of the general population was examined. The analyses were repeated after excluding data from proxy interviews. The results were very similar to those presented here and are therefore not shown. Sensitivity analyses were conducted after excluding persons for whom the full computerized personal interview was impossible. For gliomas, the results were very similar to those presented here. For meningioma, possibly because of small numbers, differences within the random variation of the results were found.
RESULTS
The distribution of major characteristics of the study population is presented in table 3. The median age was 53 years for glioma cases and 55 years for meningioma cases and did not differ between cases and controls. Nearly 60 percent of glioma cases were male, whereas only 27 percent of meningioma cases were male. Compared with that for cases, socioeconomic status of controls in both diagnostic groups was slightly higher. Most of the cases and controls were recruited from urban areas.
Overall, 104 persons were considered probably exposed to RF/MW-EMF and 87 as highly exposed. The results of the crude and adjusted conditional logistic regressions are presented in table 4 for glioma and in table 5 for meningioma. RF/MW-EMF exposure was not associated with occurrence of glioma or meningioma in the total study population. For glioma (table 4), the adjusted odds ratio was 1.04 (95 percent CI: 0.68, 1.61). However, when we included duration of RF/MW-EMF exposure and focused solely on high exposure, the odds ratios for gliomas increased slightly. For persons who worked less than 10 years, the adjusted odds ratio for high exposure compared with not high exposure was 1.11 (95 percent CI: 0.48, 2.56); for persons who worked 10 years or more, the corresponding odds ratio was 1.39 (95 percent CI: 0.67, 2.88).
The results of the conditional logistic regressions with regard to the association between RF/MW-EMF exposure and occurrence of meningioma were similar (table 5). The adjusted odds ratio for exposure to RF/MW-EMF was 1.12 (95 percent CI: 0.66, 1.87). The adjusted odds ratios for high exposure compared with not high exposure were 1.14 (95 percent CI: 0.37, 3.48) for an exposure of less than 10 years and 1.55 (95 percent CI: 0.52, 4.62) for an exposure of 10 years or more.
DISCUSSION
To our knowledge, our case-control study is the first in which exposure to RF/MW-EMF has been investigated among a large number of persons by using a detailed interview on occupational history and particular job activities. No significant association between occupational exposure to RF/MW-EMF and brain tumors was found in the data from the German part of the Interphone case-control study. A slightly increased risk was observed for high exposure in comparison with probable exposure as well as an increasing odds ratio with increasing duration of years in highexposure jobs. However, this result should be interpreted with caution, particular because of the small number of exposed persons.
Our results resemble those from the other case-control studies analyzing the association between RF/MW-EMF exposure and development of brain tumors. Thomas et al. (10) found an odds ratio of 1.6 (95 percent CI: 1.0, 2.4) for persons ever exposed to occupational RF radiation and a significant dose-response association between years of working and brain cancer death. Grayson (11) analyzed persons ever exposed to occupational RF/MW-EMF and found an odds ratio of 1.39 (95 percent CI: 1.01, 1.90). However, in contrast to our results, a dose response, in this study measured by a potential exposure score, was not found in that study (11) . Five cohort studies revealed no association between occupational RF/MW-EMF exposure and the occurrence of brain tumors (3) (4) (5) (6) 8) . For amateur radio operators, a nonsignificant standardized mortality ratio of 1.39 (95 percent CI: 0.93, 2.00) was found (1). However, there is currently little evidence from cellular and animal studies of the carcinogenicity of RF/MW-EMF (15). Measurement of RF/MW-EMF exposure was subject to some methodological discussion; cohort studies that are analyzing a large number of persons acknowledge the difficulty in identifying actually exposed persons rather than occupational groups (28) . Thus, no data on individual shielding systems and day-to-day duration of individual exposure were available. This limitation might have led to an exposure classification with high specificity but low sensitivity. This type of nondifferential misclassification in dichotomous exposure assessment is associated mostly with an outcome measure biased toward the null effect (29) . The older case-control study (10) used two methods of classifying RF/MW-EMF: first, subjects' occupational history was assigned a three-digit code for industry and a census code for occupations; second, each job listed in the occupational history was categorized by a certified industrial hygienist as high, moderate, or low. In the nested case-control study performed among the US Air Force population, a subgroup * RF/MW-EMF, radio frequency/microwave electromagnetic fields; OR, odds ratio; CI, confidence interval. y Conditional logistic regression with frequency matching for center and sex, adjusted for socioeconomic status, urban vs. rural area, ionizing radiation exposure, smoking history, and age at diagnosis. of persons exposed to RF/MW-EMF above permissible exposure limits (10 mW/cm 2 ) was identified by a historical list of incidents. All other job titles were assigned to the nonexposed category (11) .
Our assessment of occupational exposure was based on individual activities during employment instead of job titles. Doing so enabled us to consider individual exposure to RF/MW-EMF and the use of shielding systems. In particular, the category of high-exposure activities derived from the comprehensive questionnaire was established to consider the specific exposure situation during an activity. This method was used to allow a more sensitive exposure estimation of the real situation and a more specific exclusion of a nonexposure situation during a possible-exposed occupation.
This study has some limitations, which is common in case-control studies. First, recall bias may have been present, particularly because of the extensive questionnaire used. It might be that cases, because of their preoccupation with disease, overestimated their exposure compared with that of controls (recall bias type A). It could also happen that, because of their disease, cases were unable to answer accurately (recall bias type B). Recall bias A might lead to an overestimation of occupational exposure and should be particularly obvious in occupational screening questions. However, because we constructed the activity exposure matrix from given information in the computer-assisted personal interviews, participants did not know which answer was used to determine RF/MW-EMF exposure. Thus, in the high RF/MW-EMF exposed group, recall bias A is unlikely. Recall bias B was also analyzed by performing a sensitivity analysis for all interviews, excluding proxy interviews. As mentioned above, the results for both analyses did not differ. The potential impact of selection bias also needs to be discussed in case-control studies. The response rate differed between cases (83.8 percent) and controls (62.4 percent). Selection bias related to exposure to occupational RF/MW-EMF may not be as obvious in this analysis of the Interphone Study as it is for the exposure in connection with cellular phone use. Analysis of a short nonresponder questionnaire showed that male, but not female, controls were more likely to refrain from regular cellular phone use as well as to refuse to participate in this study (14) .
The number of observed cases in cohort studies of RF/ MW-EMF exposure is small because brain tumors are rare (table 1) . Until now, the number of cases included in this case-control study (366 glioma cases and 381 meningioma cases) is the highest of all published case-control studies investigating occupational RF/MW-EMF exposure. Nevertheless, the number of people with high exposure among cases and controls identified is still small (22 glioma cases and 11 meningioma cases). Hence, there might not be enough statistical power to find a possible small risk, particularly for patients with a long duration of exposure.
All frequency ranges of RF/MW-EMF were included in one exposure category. In the high-exposure group, 114 of 130 activities (table 2: area transmitter) occurred in the context of personal communication devices representing the frequency range of 800 MHz-2 GHz (15). To our knowledge, there is no different etiologic mechanism in discussions of the different frequency ranges of RF/MW-EMF and the stated promoting effect on tumors. Furthermore, in the group with high exposure, we considered the limit among the general public recommended by the International Commission on Non-Ionizing Radiation Protection. These limits are equal for all considered frequency ranges (specific absorption rate of 0.08 W/kg) and are based on the established thermal effect in all of these RF/MW-EMF frequency ranges (27) .
To our knowledge, this is the first time that the association between RF/MW-EMF exposure and nonmalignant brain tumors such as meningioma has been considered. The results for meningiomas and gliomas were virtually identical. Meningiomas and gliomas are of different tissue origin; meningiomas arise from meningothelia cells, whereas gliomas arise from glial cells. Compared with gliomas, meningiomas might be associated with a longer latency period. Up to now, no previously published study has been known to show an association between RF/MW-EMF exposure from cellular phone use and meningioma. Positive associations with glioma have been reported in two of six studies, but methodological considerations limited interpretability of the findings (30) . Therefore, the similar association we found for long-duration exposure among highly exposed participants concerning both brain tumor types and the exposure of RF/MW-EMF found in our analysis should be discussed. The stated tumor-promoting effect of RF/MW-EMF might be the same for meningiomas and gliomas. In our study, the high-exposure category was defined so we could look for a potential effect of an RF/MW-EMF exposure above the exposure limits for the general population. Although doing so may strengthen the plausibility of the results, it leads to the effect that only a few persons are regarded as ''exposed.'' Furthermore, it cannot be excluded whether potential information bias or selection bias could lead to a similar increase in risk of both brain tumor entities. For confirmation of these results, further analysis of the pooled Interphone data set is awaited.
This study shows the first known results concerning exposure to RF/MW-EMF in the frame of occupational activities and occurrence of glioma and meningioma. We did not find a significant association between occupational exposure to RF/MW-EMF and brain tumors, but odds ratios for both glioma and meningioma were slightly increased for longduration and high exposure. These results were based on low numbers of exposed participants and need be confirmed by the results of the pooled analyses of the Interphone Study. In a larger data set, it will also be possible to perform a stratified analysis of different types of brain tumors such as highgrade or low-grade gliomas, of gender, of different exposure estimates for activities associated with particular RF/MW-EMF frequency ranges, and of a higher number of expected long-term RF/MW-EMF exposed workers.
